Transcriptional activation in early spermatocytes involves hundreds of genes, many of which are required for meiosis and spermatid differentiation. A number of the meiotic-arrest genes have been identified as general regulators of transcription; however, the gene-specific transcription factors have remained elusive. To identify such factors, we purified the protein that specifically binds to the promoter of spermatid-differentiation gene Sdic and identified it as Modulo, the Drosophila homologue of nucleolin. Analysis of gene-expression patterns in the male sterile modulo mutant indicates that Modulo supports high expression of the meiotic-arrest genes and is essential for transcription of spermatiddifferentiation genes. Expression of Modulo itself is under the control of meiotic-arrest genes and requires the DAZ͞DAZL homologue Boule that is involved in the control of G2͞M transition. Thus, regulatory interactions among Modulo, Boule, and the meioticarrest genes integrate meiosis and spermatid differentiation in the male germ line.
Transcriptional activation in early spermatocytes involves hundreds of genes, many of which are required for meiosis and spermatid differentiation. A number of the meiotic-arrest genes have been identified as general regulators of transcription; however, the gene-specific transcription factors have remained elusive. To identify such factors, we purified the protein that specifically binds to the promoter of spermatid-differentiation gene Sdic and identified it as Modulo, the Drosophila homologue of nucleolin. Analysis of gene-expression patterns in the male sterile modulo mutant indicates that Modulo supports high expression of the meiotic-arrest genes and is essential for transcription of spermatiddifferentiation genes. Expression of Modulo itself is under the control of meiotic-arrest genes and requires the DAZ͞DAZL homologue Boule that is involved in the control of G2͞M transition. Thus, regulatory interactions among Modulo, Boule, and the meioticarrest genes integrate meiosis and spermatid differentiation in the male germ line.
Drosophila ͉ spermatogenesis S permatogenesis is strikingly similar between Drosophila and mammals (1) . Transcriptional activation in spermatocytes furnishes material that supports spermatocyte maturation and meiosis as well as further spermatid differentiation. Execution of the meiosis͞differentiation program requires a number of general transcriptional regulators collectively known as the meioticarrest genes. These include the genes of the aly group that encode subunits of the putative chromatin-modifying complex (2) (3) (4) (5) (6) and the genes of the can group that code for the subunits of testes-specific TFIID, which is involved in initiation of transcription as part of the preinitiation complex (2, 7) and probably participates in displacement of the repressory Pc complexes from the testes-specific promoters (8) . A number of meiotic regulators, such as cyclin B, boule, and twine, as well as many genes required for spermatid differentiation, are under the control of meiotic-arrest genes (2, 6) .
Although the general regulators of transcription in testes have been extensively characterized, the gene-specific transcription factors have long been elusive. To characterize such factors, we sought to identify the protein that binds to the conserved positive regulatory element b2UE1͞b2UE2͞TSE that is necessary for activity of the ␤(2)tubulin promoter in Drosophila testes (9) and is present in the promoter of the testes-specific gene Sdic (10) . Here, we report purification of the protein that specifically binds to the b2UE1͞b2UE2͞TSE motif and identification of it as Modulo, the Drosophila homologue of nucleolin. Modulo is required for transcription of a number of spermatiddifferentiation genes, including ␤(2)tubulin and Sdic. Expression of Modulo itself in testes is positively regulated by the meioticarrest genes at the posttranscriptional level and requires the DAZ͞DAZLA homologue Boule, the protein that also controls the G 2 ͞M meiotic transition through posttranscriptional regulation of Cdc25͞Twine (11). Thus, Modulo plays an important role in integration of meiosis and spermatid differentiation in Drosophila spermatogenesis.
Results and Discussion
Conserved Promoter Motif TSE Binds a Testes-Specific Protein. The promoter of the testes-specific gene Sdic contains the TSE motif that shows similarities to the conserved elements b2UE1 and b2UE2 found in other testes-specific promoters (9, 10, 12 ). An abundant TSE-binding protein was detected in protein extracts from Drosophila testes but not from gonadectomized males by using EMSA (Fig. 1A) . Formation of the DNA-protein complex was completely inhibited by a 100-fold molar excess of the unlabeled TSE probe. At the same time, the presence of a 10 4 -fold molar excess of the heterologous double-stranded oligonucleotide competitor 1 in all EMSA reactions did not inhibit formation of the DNA-protein complex, indicating that binding of the protein is sequence-specific. Further addition of the different oligonucleotide competitor 2 in 100-fold excess to the probe did not interfere with the complex formation ( Fig. 1 A) . To corroborate this finding, we tested five more different heterologous oligonucleotides using the same conditions, and none of them impeded complex formation (data not shown). Thus, a protein that specifically binds to the conserved TSE promoter motif is up-regulated in testes and may be involved in transcriptional regulation of Sdic.
Purification and Identification of the TSE-Binding Activity. To identify the TSE-binding factor, we developed a multistep procedure for its biochemical purification from whole adult flies (Fig. 1B) . The details are described in Supporting Materials and Methods, which is published as supporting information on the PNAS web site. A representative result of the final step (the sequence-specific DNA-affinity purification) is shown in Fig. 1C . The eluted fractions contained only two major proteins, one of Ϸ150 kDa and another of Ϸ50 kDa. The elution profile of the 50-kDa protein (Fig. 1C Lower) matched that of the TSE-binding activity (Fig. 1C Upper) , implying that this protein may represent the TSE-binding factor. Southwestern blot analysis of the purified protein supported this suggestion, revealing a single 50-kDa protein species capable of binding to the TSE probe (Fig. 1C) . The 150-kDa protein, identified later by liquid chromatography (LC)͞tandem MS (MS͞MS) as the topoisomerase II, was not able to bind the TSE probe in EMSA and Southwestern blot assays.
The 50-kDa protein was further purified by SDS͞PAGE and confidently identified by nano-LC͞MS͞MS as the DNA͞RNA-binding protein Modulo with 30% overall sequence coverage. To further confirm the identity of the TSE-binding factor, affinity-purified polyclonal IgY was raised in chicken against the peptide derived from the Modulo sequence (SwissProt ID P13469). This antibody was tested for specificity by using Western blot analysis of the purified recombinant Modulo protein and of the whole-fly lysates. In both cases, a single major band of expected mobility was detected (Fig. 1D) . In addition to the anti-Modulo IgY, affinity purification also yielded the sample of Modulo-depleted IgY as the flow-through from the column with immobilized antigenic peptide. Preincubation of the purified TSE-binding protein with the anti-Modulo IgY before EMSA interfered with formation of the DNA-protein complex in a dose-dependent manner; at the same time, identical concentrations of the Modulo-depleted IgY (used as the negative control) did not have a discernible effect (Fig. 1D) . Thus, Modulo specifically binds to the conserved testes-specific promoter motif TSE.
Different Modulo Variants Are Expressed in Testes and in Somatic
Tissues. Modulo is a broadly expressed protein that has been detected in ovaries (13) , embryonic epidermis and mesoderm (14, 15) , larval imaginal discs, salivary glands, and brain (16) and in cultured cells (17) . Western blot analysis showed that the size of Modulo differs between testes and somatic tissues represented by the gonadectomized males ( Fig. 2A) . In testes, mobility of the protein is more consistent with the predicted 60.3-kDa size of the Modulo polypeptide; no signal was detected in testes of the mod 07570 male sterile mutant, thus confirming the specificity of the assay. However, the apparent molecular mass of the Modulo variant expressed in somatic tissues is Ϸ50 kDa, which corresponds with the size of the TSE-binding protein that we purified from the whole-fly extracts and identified as Modulo.
To gain further insight into the structure of the 50-kDa somatic Modulo variant, we analyzed the LC͞MS͞MS data in more detail. Analysis of the MS spectra against conceptual translation of the 100-kb genome region encompassing modulo did not reveal any novel peptides, thus ruling out involvement of previously uncharacterized coding sequences. Instead, the analysis indicated that the 50-kDa protein is a truncated variant missing the N terminus of the full-size Modulo. All of the identified trypsin-generated peptides were located in the Cterminal portion of the molecule, whereas not a single peptide was identified near the N terminus (Fig. 2E) . In addition, an unusual peptide flanked with the trypsin cleavage site at only one (the C-terminal) end was repeatedly identified with high confidence during the analysis. The N-terminal end of the peptide thus possibly represents the N terminus of the truncated 50-kDa Modulo variant, and its position is consistent with the size of the protein (predicted molecular mass, 46.2 kDa). In this case, the 50-kDa variant is missing the highly acidic N-terminal domain that is present in the full-size protein (Fig. 2E) .
We have already shown that the 50-kDa somatic Modulo variant is capable of specific binding to the TSE motif. To confirm that the full-size Modulo variant present in testes has similar activity, we expressed recombinant full-size His 6 -tagged Modulo in the Schneider-2 cultured cells and purified it to near homogeneity (Fig. 2B) . Binding of the purified recombinant Modulo to the 200-to 250-bp PCR-amplified core promoter fragments was analyzed by EMSA. The double-stranded TSE oligonucleotide was used as the specific competitor. Full-size Modulo was specifically binding to the promoters of Sdic and ␤(2)Tubulin (both of which possess the TSE͞b2UE1͞b2UE2 motif) (Fig. 2C) . However, we did not observe appreciable binding to the promoters of the testes-specific genes fzo (18) , ocn (19) , and dj (20) that lack apparent similarities to the TSE sequence (data not shown).
Thus, a specific variant of Modulo is expressed in testes, where it is capable of specific binding to the TSE-containing promoters. This full-size Modulo variant contains the N-terminal acidic domain, the structure of which is characteristic for the acidic activators (21) that facilitate assembly of the core transcription machinery on the promoter and recruitment of chromatinremodeling factors (22) . Known acidic activators interact with the TFIID complex and facilitate interaction of TFIID with TFIIA and TFIIB (23) (24) (25) (26) (27) (28) . In testes, TFIID is represented by a specific variant encoded by the meiotic-arrest genes of the sa group (7). Our analysis showed that Modulo coimmunoprecipitates with the testes-specific TFIID subunit Sa (Fig. 2D) and, thus, probably interacts with the testes-specific TFIID during transcriptional activation of testes-specific genes.
The suggested activity of Modulo as transcriptional activator in testes is not consistent with its role in somatic tissues, where it is involved in multiple vital activities (13, 14, 16, 21, 29 ) that probably include chromatin-mediated transcriptional repression [based on the demonstrated Su(var) phenotype of the modulo mutants] (29) . Structural differences between the Modulo variants may underlie this apparent discrepancy. The 50-kDa somatic Modulo variant is able to bind to DNA but is missing the N-terminal acidic domain and, thus, cannot establish the activating interactions observed in testes. Instead, the somatic Modulo variant may contribute to repression of testes-specific (as well as other) genes in somatic tissues.
Modulo Is Up-Regulated in Spermatogenesis Before Expression of the
Spermatid-Differentiation Gene Sdic. The Modulo-binding element TSE is present in the promoter of the testes-specific gene Sdic that is up-regulated in primary spermatocytes (10) . To regulate Sdic expression, Modulo has to be present at the same or earlier stage of spermatogenesis. Localization of the zone of upregulation of Modulo in adult whole-mount testes using immunofluorescence showed that this zone, indeed, precedes and overlaps the zone of Sdic expression (Fig. 3) . To visualize Sdic expression, we took advantage of the Sdic::GFP fusion transgene (10) . Modulo is weakly expressed in early spermatogonia and stem cells located at the tip of the testis, but is up-regulated in late spermatogonia͞early spermatocytes. Within the cells, Modulo is localized in both the nucleus and the cytoplasm (Fig. 3A) . Specificity of the immunofluorescence staining was confirmed by the absence of appreciable signal in testes of the mod 07570 and achi 1 mutants that show severe down-regulation of Modulo; also, no staining was observed in wild-type testes when the primary antibody was omitted (data not shown).
Thus, in spermatogenesis, up-regulation of Modulo precedes activation of its putative regulation target, Sdic. We sought to analyze whether this pattern is also present for the general transcriptional regulators (the meiotic-arrest genes) and their regulation targets (the spermatid-differentiation genes). To dissect the temporal order of expression of these genes, we quantitated transcript levels in testes dissected from developing larvae using real-time RT-PCR. In Drosophila, spermatogenesis begins early in larval development, and the first wave of meiosis commences at the time of pupation (30) . We found that all of the five tested spermatid-differentiation genes, including Sdic, show drastic up-regulation in late third-instar larvae, i.e., during spermatocyte maturation before meiotic divisions (Fig. 3D) . This finding is consistent with the observed pattern of upregulation of the Sdic::GFP transgene in adult testes (10) . However, up-regulation of the three studied meiotic-arrest genes precedes up-regulation of the spermatid-differentiation genes (Fig. 3D) . Hence, Modulo is up-regulated in the male germ line in a manner similar to known general transcriptional regulators, before the major wave of transcriptional activation that includes spermatid-differentiation genes.
Modulo Is Necessary, but Not Sufficient, for Transcription of a Number of Terminal Differentiation Genes in the Male Germ Line. Although knockout modulo mutations result in lethality (29) , a male sterile hypomorphic mutation mod 07570 has been described (31); thus, mutation, caused by a transposon insertion, results in testesspecific modulo knockdown (Fig. 2, Table 1 ). To analyze the role of Modulo in transcriptional regulation, we quantitated transcripts of a number of spermatogenesis-related genes in testes of the mod 07570 mutant and of the wild type, using real-time RT-PCR ( Table 1 ). The constitutive transcript of the ribosomal protein gene Rp49 (32) was used as the cDNA template-loading reference. The ubiquitous transcripts RpL9 (33) and Act5C (34) and the broadly expressed spermatogenesis-related genes des (31) and twe (35) were not significantly affected by the mod 07570 mutation.
Conversely, a number of genes with testes-biased expression were down-regulated to various extents in the mod 07570 mutant testes. In particular, several meiotic-arrest genes (including aly, can, nht, and rye) were down-regulated 5-to 7-fold. Among the 13 other testes-biased genes examined, 7 showed moderate 2-to 5-fold down-regulation. However, four testes-biased genes showed Ͼ10-fold down-regulation, and two more genes were down-regulated 7-to 9-fold. Thus, there is a subset of testesbiased genes [including Sdic, Ssl, fzo, dhod, ␤(2)Tubulin, and dj] that are specifically affected by the Modulo deficiency.
Because the meiotic-arrest genes themselves are involved in transcriptional regulation in testes, some effects of the Modulo deficiency may be mediated by their down-regulation. Such effects should be similar to the effects caused by mutations in the meiotic-arrest genes themselves. We addressed this possibility by analyzing gene expression patterns in testes of the meiotic-arrest mutants achi 1 , sa 1 , and Taf12L KG00946 (rye), and by comparing them to the pattern of gene expression in the mod 07570 mutant testes (Table 1) . Among the 13 testes-biased genes analyzed, four genes were affected differently by the meiotic arrest and the modulo mutations. The genes Mst98Ca (36), Pros28.1B (37) , and CG10934 were very sensitive to mutations in meiotic-arrest genes but not in modulo and, conversely, the gene Ssl did not show striking sensitivity to the mutations in the meiotic-arrest genes sa and rye but was severely affected in the modulo mutant. Therefore, the effect of Modulo deficiency on transcription in testes cannot be reduced to down-regulation of the meioticarrest genes. It is possible that such down-regulation leads to the subpar performance of the meiotic-arrest genes that is still sufficient to carry the germ line of the mod 07570 mutant through the meiotic divisions (31) but results in moderate (e.g., 3-to 4-fold) down-regulation of testes-biased genes, such as Mst98Ca, Pros28.1B, and CG10934. However, a more severe effect of the Modulo deficiency on a subset of spermatid-differentiation genes probably reflects disruption of gene-specific transcriptional regulation and provides a molecular basis for the spermatiddifferentiation failure observed in the mod 07570 mutant (31) .
The subset of genes strongly affected in the mod 07570 mutant includes Sdic and ␤(2)Tubulin. These genes possess the TSE-like Modulo-binding motifs and, thus, probably represent the direct regulatory targets of Modulo. Interestingly, we were not able to detect specific binding of Modulo to the promoters of fzo and dj that are also strongly affected by the modulo mutation. At the same time, the studied dj promoter fragment contained all sequences necessary for efficient testes-specific transcription (38) . This finding implies that Modulo has indirect target genes such as dj and, probably, fzo that may be regulated by transcription factors that are, in turn, under the control of Modulo. Our broad survey of 96 transcriptional regulators expressed in testes identified nine putative transcription factors that are downregulated Ͼ10-fold in the mod 07570 mutant testes (data not shown). Thus, mutation in modulo can lead to disruption of the downstream cascade of transcriptional regulation that includes Modulo-dependent transcription factors and their regulation targets.
To determine whether Modulo is sufficient to induce ectopic transcription of spermatid-differentiation genes, we expressed recombinant full-size Modulo in the Schneider-2 cultured cells under the control of metallothionein promoter. Stable transfected clones were selected, and expression of the transgene was induced by various concentrations of Cu 2ϩ in the culture media. Unexpectedly, we observed that the Schneider-2 cells naturally express the full-size Modulo variant. Nevertheless, these cells do not show significant expression of the Modulo-dependent testesspecific genes Sdic, Ssl, and dhod, and increase of the Modulo dose by induced expression of the transgene did not affect the levels of these transcripts (data not shown). Therefore, other, presumably testes-specific, factors (such as the testes-specific TFIID) have to cooperate with Modulo to induce expression of spermatid-differentiation genes, thus defining tissue specificity of the Modulo-mediated transcriptional regulation.
Expression of Modulo in Testes Is Under the Control of Meiotic-Arrest
Genes and the RNA-Binding Protein Boule. To analyze the regulation of Modulo expression in testes, we analyzed a number of mutants that control different stages of spermatogenesis. In testes of the bam mutant (39), both the Modulo protein (Fig. 4) and modulo transcript are severely down-regulated (real-time RT-PCR showed the transcript level in bam mutant testes at 10% of the wild type; SD 2%). Thus, high levels of Modulo expression in the testes require the onset of the meiosis͞differentiation program. Furthermore, mutations in the meiotic-arrest genes achi͞vis, sa, and rye result in severe down-regulation of Modulo protein in testes (Fig. 4) ; however, modulo transcription is not affected (Table 1) . Therefore, Modulo expression in the testes is regulated by the meiotic-arrest genes at posttranscriptonal levels, similar to the regulation of the meiotic entry control protein Cdc25͞Twine (2) . Translation of Twine in the testes requires the RNA-binding protein Boule (11) . To investigate whether a similar mechanism is involved in the regulation of Modulo, we analyzed testes of the boule mutants and found that Modulo expression in testes is severely affected by the Boule deficiency (Fig. 4) .
Regulation of Modulo expression in testes by Boule provides a mechanistic link between meiosis and spermatid differentiation in the male germ line. The meiotic-arrest genes are required for expression of a number of spermatogenesis-related genes, including boule (2, 5) . Boule is required for expression of Modulo, which, in turn, is necessary to maintain expression of several meiotic-arrest genes. These events establish a positive regulatory loop that sustains high levels of expression of Boule, Modulo, and the meiotic-arrest genes after the onset of the meiosis͞differentiation program in spermatocytes (Fig. 4) . Boule further regulates the G 2 ͞M transition in meiosis by positive translational regulation of Cdc25͞Twine (2, 11) , and Modulo and the products of the meiotic-arrest genes are required for expression of a number of spermatid-differentiation genes. Thus, the pathways that lead to meiosis and to expression of the spermatid-differentiation genes in the male germ line are integrated in a single mechanism to ensure coordinated execution of meiotic divisions and spermatid differentiation.
Methods
Detailed descriptions of protein extraction and EMSA, purification of the TSE-binding activity, Western and Southwestern blot analysis, coimmunoprecipitation, and immunof luorescence and microscopy are included in Supporting Materials and Methods. Drosophila Stocks. D. melanogaster stocks were maintained on yeast-molasses media at 20°C. The wild-type flies used were Oregon-R for transcription assays and the mixture of Oregon-R and y w for biochemical purification of proteins. (31) were obtained from the Bloomington Drosophila Stock Center at Indiana University, Bloomington. The achi 1 mutant (5) was generously provided by Rob White (University of Cambridge, Cambridge, U.K.).
Protein Extracts from Dissected Tissues and EMSA. Tissues were manually dissected in PBS, and proteins were extracted with 1.5 M KCl in the presence of 0.4% Triton X-100. Double-stranded oligonucleotide AGCTTTGATCGTAGTGTGCCTTTGGGG-GAAATTCTG (the TSE probe) or PCR-amplified core promoter fragments labeled with polynucleotide kinase and [␥- 32 P]ATP were used as the probes. Specific competitor (the unlabeled TSE probe) and the nonspecific competitor 2 (the double-stranded oligonucleotide T TCGATCA A ATCTA- 
